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ABSTRACT

R. H. Sherman, J. R. Bartlit, and

J. L. Anderson

Materials Science & Technology Division
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Los Alamos National Laboratory, MS C348
Los Alamos, New Mexico, 87545 USA
505-667-1410

Cryogenic distillation expsriments were performed at TSTA with H-D-T system by using a single column and a
two-column cascade. In the single column experiment, fundamental engineering data such as the liquid holdup
and the HETP were measured under a variety of operational conditions. The liquid holdup in the packed section
was about 10 ~15% of its superficial volume. The HETP values were from 4 to 6 cm, and increased slightly
with tiie vapor velocity. The reflux ratio had no effect on the HETP. For the two-column experiment, dynamic

behavior 0. the cascade was cbserved.



1. INTRODUCTION

Separation of hydrogen isotopes by cryogenic distillation
is a promising method for the mainstrecam fuel reprocessing and

blanket tritium processing systems of fusion reactors. To
2stablish and verify design and operation methods for cryogenic
distillation columns, both computer-aided simulation and
experimental studies are needed. A number of simulat;ons(])(Z)
have been repurted for the <c¢ryogenic distillation columns.
Although those reports produced a great deal of valuable
information, the experimental data for the cryogenic distillation
co'umns previvusly published is still limited.

For the packed columns which are used for the <c¢ryogenic
distillation, the HETP (Height Equivalent To a Theoretical
Prate), the liquid holdup and the pressure drop are significant
paramcters in column performance. Factors which are expected to
have influence on these parameters are as follows ¢  vapor
velocities within the column, reflux ratios, packing materials
and physicochemical properties ¢ density, viscocity and surfac
tension of fluids. Several worke:rs have reportied engineerin
data for the cryogenic distillatlon column(n)(d)(s). however, n
detailed discussion concerning the effect uf the above-mentiosne
factors was gliven 1n their reports, additionally., there are soi
differences amung  the results obtained and the cause of th:
discrepancy has not been resolved yet. It is alse cessentral tha
separatinon characteristivs of cascades composed of  devera
coiumns are experimentally examlned. For these recasons, furth

experimental studies are desirable.



The most significant purpose of the present study is to
obtain fundamental cngineecring data for the cryogenic
distillation column and to discuss the factors ;ffecting the
column performance. Forr this purpuse, the HETP, the liquid
holdup ana the pressure drop were medasured with the 1I-D-T system
as functions of the vapor velocity, the reflux ratio and the

physicochemical properties of fluids by using a4 column in the

TSTA isotope separation system.(S) As the first stage of e
research program dealing with cascade operatiuvns, dynamic
behavior o: two interlinked columns was also observed under
varying opet . 'nal conditions in the present study. The column

cascade select  simulates a bastic configuration pf that proposed
by the uuthurs(ﬁ) for the blanket tritium processing systems.
The informatiun obtained from this study improves and confirms
the ability to predict separation characteristics of actual-scale

columns and cascades.

2. EXPERITMENTAL
2.1 Single column experiment

The single column experiment was performed with H-D and D-T
systems under total reflux and total recycle modes. [In the total
recyc'e mode, the top and boltom streams are recycled through an
cquilibrator as illu.:rated in Fig. 1. The major role of the
equiltibratom is to promote the isotope exchange recaction ¢ 0. K.

Hy, D, -2 The lead column of the TSTA tryotope “eparation



system was used in the present experiment. The specifications of
the lead column are presented in Tahl!e I. The refrigeration is
supplied by heli: - pgas, whose temperature can be iuwered by a
refrigerator to avout 15~20 K, at the condenser and the packed
<ection. The distil.ation column is enclosad within a thermal
radiation shield cooled by liquid nitrogen in a vacuum jacket.
The cxperimental procedure is summarized :s follows. The
vacuum jacket and the distillation column were initially
evacuated, and operation of the helium refrigerator was started.
Hydrogen isotuope gases were charged into the column from
cylinders through an equilibrator for the H-D expcriment. In the
D-T cxperiment, uranium beds were used to supply the gases. The
condensation of hydrogen isotopes occurred in the condensgr and
the packed section, and the liquid hydrogen thus produced fell to
the reboiler. After the liquid level in the reboiler reached a
specified value, the distillation was {aitiated. For the
experiment with the D-T system, the hydrogen isvtop: mixture
charged intu the cclumn was recycled through the equilibrator to
make ity composition the equilibrium state at room temperature
before the distillatioun, Composition distributions within the
column werz maasured by gas chromatographs after the column

reached sterady state.

2,2 Two-column cxperiment
The two-column expe: imentl was performed with H-D-T usings the
tetal recyele mode, The conflpguration of the two-column ca..cade

Is shown in “ix. 2, The specifications of the second column are



also presented in Table 1I. The general construction of the

second column is the same as that of the lead column. The
experiment was performed in a similar manner to 'that of the
single column, After the gases were charged into the cascade,

the columns were individually operated in the total reflux mode
until steady state was achieved. The cascade was then put into
total recycle operation, Dynamic variation of operating
parameters such as the pressures and the liquid holdups were

measured while varying the reflux ratio of each column.



3. Calculation of composition distribution within the column

The assumptions used in the present calculation are
follows

(1Y The column is composed uof N thevretical stages.

(2) The c¢column operates adiabatically, and the molar heats o1
vaporization of all components are the same.
(3) Hydrozen isotope mixture obeys Raoult's Law.
At the steady state, the component material balances a:c¢
expressed by
0 = LN-lxi,N-l + FN“x.N - (VN + wN)yi.N - Lin.N , - (1)
07 ViertYiger Ty U L% g T
(V. + W.) .+ Fz. ., -
J J yi.J le.J (2
0= Voyy o *Frzy - g+ UDX = VY o - (3
wvhere FJ = flow rate uof feed stream supplied to j-th sta,:
{(mol/h)
Lj = flow rate of liquid stream leaving j-th stage (mol/h)
N = number o5f total theoretical stages (-)
UJ = flow rate of liquid sidestream from j-th stage
(mol/h)
VJ = flow rate of vapor stream leaving J-th stage (mol/h)
wj = flow rate of vapor sidestrcam from j-ih stage (mol/h)
X | = . .le fraction of i-th component in the liqulid
stream leaving J-th stuaxe (-
y = male fraction of I=~th component tn vapor strcam

(%3

3



leaving the j-th stage (-)
2. ; = mole fraction of i-th component in feed s‘:ream

supplied to j-th stage (-).

The vapor liquid egquilibrium are expressed by

y. . = ©. (T )x, ./P, . ~ (5
1,1] 1] I, J
where Pj = total pressure on j-th stage (Torr.
pi = vapor pressure of i-th component (Torr)
T = temperature on j-th stage (K).

[f the composition of either the top or bottom stream is g:.ven,
Equatior 1) through (3) can be solved by using the vapor-1.gquid
relatiuns expressed by Eq. (5).

The overall HETP value is determined from the packea h:- 1ght
0of the <column and the number of total theoretical stages nich
gives the best fit to experimental observations. The cimple
model used is sufficient to determine the overall HETP v.lue.
Variation of the HETP with the column height can alsu be
discussed by comparing experimental observations with
calculational results for the composition distributiuvn within the

column.

q. RESULTS AND DISCUSSION
d.1 Pressure drop across column
A significant result observed is that the distillation was

successfully performed without column flooding as long as the

6



vapor velocity . iess than 13 cm/sec. The relation hetween the
pressure drops anz the vapor velocity is shown in Fig. 4. For
the total re:.ux experiment of the H-D system alone: the pressure
drop is smail and the loading might occur when the
vapor veloci1ty exceeds 12 cm/sec. For the other three
experimental conditions, the measured values are proportional to
the vapour velocity to the power 1.3~1.5. Although a firm
conclusion on this difference has not been drawn jyet, it may be
ascribed to the hysterisis on the pressure drop. The total
reflux ecxperiment was performed by increasing the flow rates of
each phase, and the column was then put into the total recycle
operation. The increase of the vepor and liquid ﬁlow rates would
affect wetting characteristics of the packing materials, 'and can
possibly vary the fluidity within the column (i.e. wvariations in
the amount of liquid held by the packing materials and in the
dispersion mechanism of the liquid falling from the concenser.).

For the D-T experiment, the packing materials may be adequately

wetted owing to the recycle operation performed before the

disti.lation.

4.2 Liquid holdup within packed section

The liquid holdup within the packed section can be evaluated
by subtracting the measured value for the reboiler and calculated
vapor holdups of the column from the total amount of gas charged.
Figure J shows the liquid holdups thus obtained under a varijety
of vapor velocity conditivns, Yﬁ:hc vbtained values, which are

about 10-415 mol, correspond to 10~15% of the superficial volume



of the packed section. The values for the H-D system under the total
reflux experiment are slightly smaller in comparison with

those of the pD-T sys- .. This difference appears to be due to

the hysterisis discusscd in the preceding section. For the other
experimental conditions, no apparent difference s observed
between the H-D system and the D-T system. As another
significant result observed from fig. 3, the liquid holdups for

all the experimental conditions increase with the vapor velocity. /?
For the above rcasons, it can be concluded that the liquid holdup

is a function of the vapor velocity.

4.3 Effects of vapor velocity and reflux ratio on HETP

Jigure 5 shows the effect of the vapor velocity on' the
overall HETP values. For the total reflux mode, the values are
about 4 5 cm, and those of the total rezcycle mode are from 5 to 6

cm. Sherman et al.(a)

reported that the overall HETP values were
approximately 5* 0.5 com for the cryogenic distillation <column
wvhose inner diameter (0.95 cm) and packed height (45.7 cm) are
considerably smaller. The overall HETP values measured in the
present study for the actual size column are almost equal to that
obtained by Sherman et al. For the total recycle mode, the
separation performance is slightly deteriorated. Disturbance of
the phase flow within the column caused by the recycle operation
may result in the decrcase of the vapor/liquid interfacial area.
Comparing experimental results for the H~D system with those of

tha D-T system, we conclude that the ohysicochemical properties

of fluids have no effect uon the overal! HETP value. For the



total reflux experiment with the H-D system, the hysterisis was
observed on the liqu. - “oldup and the pressure drop. However, on
the overall HETP, no nysterisis is observed.

Another significant result observed from Fig. 5 is that the

overall HETP values for all conditions increese slightly with the

vapor vejvucity. The overal!l HETP value can be expressed by(')
z
= -2 - = ‘ -
overall HETP z/ (N=2), (yi.1 yi.N) (ni/ij)dz . (6)
0
where ni = mass transf+r rate for component i (molmzlmahr)

2 = packed height of column (m).

The mass transfer rate n, can be regarded as a -function of the
vapor velocity and the column height. [ £ n, increases
proportionally to the vapor velocity, the overall HETP value
should have no dependence on the vapor velocity. The present

experimental results show that the mass transfer rate for the

hydrogen isotope distillation system is proportional to less than
(4)

the first power of the vapor velocity. Wilkes obtained the
smaller overall HETP values (2~3 <c¢m) for the cryogenic
distillation column in the vapor veloclity range from 1} to 6

cm/sec. The difference in the vapor velocity may possibly be one
of the reasons for the difference of the HETP values.

Figure G shows the effact of the reflux ratio on the overall
HETP value when the vapor velocity and the flow rate of bottom
stream are almost constant. The reflux ratio is varied from 8 to
3

35 : the top stream (~2x10 Y mol/sec) is very small in comparison

with the vapor flow rate (~0.028 mcl/sec). In addition, the



ircrement of the !iquid flow rate is only 10 %X of the initial
value. The overal!l HETP values therefore would not be affccted
by the reflu. ratio, as shown in F1g.6. The reflux ratio and the
vapor velocity are suitable manipulated parameters of the
distillation cclumn to control purities of top and bottom
products at desirable values.(s) The model used in the pre.:nt
study has the disadvantage that it is difficult to consider the
variation of the number of total theoretical stages w.th
operating conditions when dynamic behavior of the columns under
control mode is simulated.(Z) However, the constancy of ‘the
overall HETP against the reflux ratio and its slight dependcacy
on the vapor velocity indicate that the simulation results by the
stage model! can be extended to actual column behavior even for
the control operation.

As previously mentiouned, the overall HETP value +as
determined without regard tn the compositioun distribution witain
the column. Figure 7 shows the composition distribution at the
steady state for a representative run. The calculated Jines ire
also drawn 1In the figure under the assumption that HETP I8
constant with column height. Table Il shows the experimental and
calculational conditions of the run. The composition
distribution calculated is in rough agreement with experimental
observation. The HETP depends little on the column height.
The above cunclusion is Important for column design : positiuns
of feced and side-cut streams of actual c¢olumns can be w:ll

estimated by the stage model.

10



4.4 Dynamic behaviu: of column cascade

This section will be added to the present manuscript after

experimental results of the two-column are obtalned.

Figure : 1 or 2

Text : about 1lp

5. CONCLUSION

(1) In the range of the vapor velocity to 13 cm/sec, there was no

evidence that the flooding occured. The hysterisis ohse-ved-l

on the pressure drop across the column appearsto be mainly

related the varlation of the fluidity within the column. L

(2) The liquid holdup in the packed section was approximatcly
10 15 ¥ of its superficial volume, and increased with vapor
veloeity.

(3) The measured overall HETP values were about 4 5 cm for the
total reflux mode, and were from 5 to 6 cm for the total
recycle mode. The overall HETP increased slightly with
vapor velocity, and showed no dependence on the reflux
ratio or the physicochemical properties of the fluid. The
HETP was relative.’ constant within the column.

(4) 'The stage model is well suited for the simulation of

actual column behavior and performance.
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Table I Sp.cifications of distillation columns

lead column second column

Inner diameter (cm) 2.84 2.50

Packed height (emy 412 20
Volume of condenser (em3) 2000 2000
Volume of packed sectlon (cmd) 2600 1600
Packing material Heli-Pak (SUS-316)

4.4%4.4x%x2.3 mm



Table 11 Expecrimental and calculatlional conditions

Operatiun mode total recycle
Operating pressure (Torr) 770
Flow rate  top stream  1.49x10°3
(mol/sec) bottom strcam 1.68x10

Vapor velocity (em/sec) 5.65
Liquid holdup af reboller (mol)  4.44
Number of total theoretical stages 86

Feed stage number 60
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